S U M M A R Y Protein phosphorylation is frequently used as an indicator of cellular signaling activity. Elevated phosphorylation of tyrosine kinase receptors plays an important role in cancer pathogenesis. However, phosphoproteins are usually poorly preserved in clinical tissue samples that are routinely fixed in 10% formalin. Nonetheless, in oncology clinical trials, use of phosphoproteins as biomarkers has been considered to be of great value in evaluating the effectiveness of a given drug candidate. Therefore, it is worthy of investigating whether alternative fixatives would improve the preservation of phosphoproteins in tissue. We compared the IHC staining of a number of phosphoproteins in xenograft and human surgical tumor tissues fixed in three different fixatives: 10% formalin, 4% paraformaldehyde (PFA), and Streck's tissue fixative (STF). We found that STF significantly enhanced the staining intensity of phosphoproteins compared with 10% formalin or 4% PFA. STF fixative also showed superiority of preservation of phosphoproteins in human surgical samples. Our results indicate that the choice of fixative could significantly affect the usability of clinical tissue samples for evaluating phosphoprotein by IHC. (J Histochem Cytochem
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Streck's tissue fixative phosphoprotein tumor tissues paraffin tissue section CELL-TO-CELL COMMUNICATION through signaling between growth factors, and their respective receptors, is essential for living tissues to maintain proper tissue structure and function (Weinberg 2007) . Hyperactive signaling of growth factor receptors (generally because of overexpression or structural alterations) is thought to play an important role in cancer pathogenesis (Yarden and Sliwkowski 2001) . Unusual signaling activities often result in elevated levels of protein phosphorylation in downstream signaling pathways, such as pAkt, and can be associated with poor prognosis in many types of human cancers (Massion et al. 2004; Nakanishi et al. 2004; Lim et al. 2005; Zhuang et al. 2005) . Targeting overexpressed growth factor receptors with therapeutic monoclonal antibody can prevent phosphorylation and activation of cellular proteins. This approach has been shown to be effective in reducing cellular proliferation and promoting apoptosis in cancer cells, thus contributing to favorable outcomes for cancer patients. Herceptin, an anti-HER-2 receptor therapeutic monoclonal antibody, has proven to be very efficacious in breast cancer patients with overexpression of the HER-2 receptor. In oncology clinical trials, monitoring the expression levels of relevant phosphoproteins as biomarkers has been shown to be very informative in evaluating the effectiveness of drug candidates (Albanell et al. 2002; Esteva et al. 2003; Ma et al. 2005; Rojo et al. 2006; Serrels et al. 2006; Taillade et al. 2007; Felip et al. 2008; Guix et al. 2008) .
Formalin, a commonly used fixative for tissue samples in pathology laboratories, is capable of forming cross-links with proteins, preventing cellular distortion and loss of chemical activity in the tissue, thus contributing to excellent preservation of cellular antigenicity (Warmington et al. 2000) . Archival formalin-fixed, paraffin-embedded human tissue samples allow for the detection of protein expression by IHC for diagnosis and retrospective research. However, detection of phosphoproteins in formalin-fixed tissues is very difficult, if not impossible, especially for clinical surgical tissue samples (Baker et al. 2005; Jones et al. 2008 ). This may be partly because of rapid dephosphorylation of proteins in the tissues that quickly become oxygen deficient once the blood supply is tied off (Blow 2007) . If tissue samples are not immediately fixed in 10% formalin after dissection, the majority of phosphoproteins are lost within 60 min (Baker et al. 2005; Jones et al. 2008) . Routine procedures for surgical tissue removal, collection, and fixation pose a challenge for using phosphoproteins as biomarkers for clinical research and diagnostic applications. A fixative that is capable of better preservation of phosphoproteins than 10% formalin could enhance the clinical utility of phosphoproteins as biomarkers.
Many previous studies have looked at the effect of other fixatives on total protein in comparison to 10% formalin; however, these studies did not focus on phosphoproteins (Beckstead 1994; Chan et al. 1994; Prento and Lyon 1997; Williams et al. 1997; Warmington et al. 2000) . To study whether other fixatives improve the preservation of tissue phosphoproteins, we sought to perform IHC on tumor xenograft tissues. This is simply because the time from tissue collection to fixation can be easily controlled and minimized. This study examined five different xenograft tumors (SKOV-3, Caco-2, Geo, HT-29, and A549), each fixed in 10% formalin, 4% paraformaldehyde (PFA), and Streck's tissue fixative (STF). We found that STF had overwhelmingly higher staining intensity for nearly all antiphosphoprotein antibodies we tested compared with 10% formalin and 4% PFA. Remarkably, our results of human surgical tumor samples also showed the superiority of STF in preserving tissue phosphoproteins.
Materials and Methods
Xenograft Tumor Samples Six-week-old, female NCr nude mice (Taconic; Germantown, NY) were implanted subcutaneously in the right flank with 1 3 10 7 SKOV-3, Geo, HT-29, and A549 cells suspended in 0.2 ml of Hanks buffered salt solution (Invitrogen; Carlsbad, CA); Caco-2 cells were suspended in Matrigel (BD Biosciences; San Jose, CA) and implanted similarly. Tumor development was monitored regularly. Tumor weight was estimated using a predefined formula of length 3 width 3 height, and tumors were harvested when the estimated weight reached 250 mg. All animal experiments were performed under an Institutional Animal Care and Use Committee (IACUC)-approved protocol at Merck and Co. (West Point, PA). Five types of xenograft tumor tissues (SKOV-3, Caco-2, Geo, HT-29, and A549) were harvested and divided into three equally sized pieces immediately after removal from the mouse. The samples were fixed in STF (Streck Laboratories; Omaha, NE), 10% neutral buffered formalin (10% formalin; ThermoFisher, Pittsburgh, PA), or 4% PFA (Boston BioProducts; Boston, MA) for 16-24 hr. The xenograft tumors were processed with 70% ethanol, 95% ethanol, 100% ethanol, xylenes, and paraffin in a tissue processor (Sakura; Torrance, CA). The xenograft tumors were embedded in paraffin, cut into 5-mm sections, and mounted onto Superfrost plus glass slides (ThermoFisher).
Human Surgical Tumor Samples
Five human postoperative surgical tumor samples (one lung, two colon, and two breast) were obtained from the National Disease Research Interchange (NDRI; Philadelphia, PA). Within 1 hr of surgical resection, the samples were divided into two pieces and fixed: one in STF and the other in 10% formalin for 1 hr/mm of tumor. The fixed samples were transferred to 70% ethanol for tissue processing following the procedures mentioned above for xenograft tumors.
IHC
The tissue sections were deparaffinized, rehydrated, and underwent heat-induced antigen retrieval using Target Retrieval (DakoCytomation; Carpinteria, CA) in a Decloaking Chamber (Biocare Medical; Concord, CA) at 125C for 30 sec. Endogenous peroxidase activity was blocked using Peroxidase Blocking Reagent (DakoCytomation) 10 min. Sections were washed with Tris-buffered saline (TBS; DakoCytomation) and incubated with multiple antiphosphoprotein antibodies (Table 1) for 16-24 hr at 4C. Sections were washed with TBS and incubated with labeled polymer-horseradish peroxidase (HRP) anti-rabbit or anti-mouse (DakoCytomation) for 30 min at room temperature and washed with TBS, and diaminobenzidine was used for development of a brown reaction product (DakoCytomation). The slides were washed with TBS and immersed in hematoxylin for 30 sec for counterstaining (Sigma; St. Louis, MO).
To confirm the specificity of phosphoprotein staining, lambda phosphatase was applied on the sections before incubation with primary antibodies. Briefly, after peroxidase activity was blocked, the sections were washed with distilled water and incubated with lambda phosphatase (New England BioLabs; Ipswich, MA) diluted in reaction buffer plus MnCl 2 at 10,000 U/ml and 50,000 U/ml and incubated at 37C for 60 min. The incubation was done in separate slide chambers to prevent cross-contamination of the phosphatase with the primary antibody and reaction buffer-only controls. Sections were washed with distilled water several times, and the procedure continued with the addition of primary antibody as above.
Scoring System and Statistics
Staining intensity was directly compared and independently scored by two of the authors (JB and YL) according to a prespecified intensity scale, with discrepancies agreed on by consensus. Staining intensity was rated on a semiquantitative scale: 2, negative with no staining; 1, weak staining intensity in .10% of the tumor cells; 11, moderate staining intensity in .10% of the tumor cells; 111, strong staining intensity in .10% of the tumor cells ( Figure 1 ).
One-way ANOVA with Friedman's test and Dunn's multiple comparison post-test was used to compare the scoring results of xenograft tumor tissues fixed with STF, 10% formalin, and PFA. Wilcoxon matched-pairs 
Results

Effect of Different Fixatives on Preservation of Phosphoproteins in Xenograft and Human Surgical Tumor Samples
Overall, the staining intensity of nearly all antibodies was significantly higher in STF-fixed tissues than in 10% formalin-or 4% PFA-fixed tissues. The staining intensity of STF-fixed tissues was significantly higher in 60% (6/10) of the antiphosphoprotein antibodies tested for all types of xenograft tumor tissues (Table 2) . For instance, pMET staining ( Figure 2A ) was scored as 111 for all STF-fixed tissue samples but was only scored as 1 for the majority of 10% formalin-or 4% PFA-fixed tissues (p50.0008). Similar results were observed in pEGFR, pHER2, pHER3, pHER4, and pTyr (Table 2) . Surprisingly, pEGFR was essentially undetectable in all 10% formalin-and 4% PFA-fixed tissues, except for SKOV-3. In contrast, all STF-fixed tissues had detectable pEGFR, with scores ranging from 1 to 111. For pIGF-1R/IR and pMAPK, there was a trend that STF-fixed tissues had stronger staining than 10% formalin-or 4% PFA-fixed tissues, although not statistically significant. Interestingly, the preservation of nuclear phosphoproteins, such as pp53 and pAkt, was not significantly affected by the selected fixatives. Overall, 10% formalin-fixed tissues had slightly higher staining intensities compared with 4% PFA-fixed tissues, although not statistically significant.
In human postoperative surgical samples (Table 3 ; Figure 2B ), the majority of phosphoproteins were undetectable in all five 10% formalin-fixed tumor tissue samples, with the exception of pMAPK and pp53. In contrast, STF-fixed lung tumor tissue was positive for nearly all phosphoproteins except for pAkt. Moreover, the staining intensity of pp53 and pHER4 ( Figure 2B ) was significantly higher in STF-fixed tissues, except one breast tumor tissue with 111 scores. Taken together, for preservation of phosphoproteins in xenograft tumor tissues as well as in clinical surgical tumor samples for IHC detection, STF is clearly shown as a better choice of fixative compared with 10% formalin and 4% PFA.
Heterogeneous Staining Pattern of Phosphoproteins in Tissue Section
We observed a consistent heterogeneous staining pattern of the antiphosphoprotein antibodies in the xenograft and human surgical tumor samples used in this study, regardless of fixative. The staining intensity of phosphoproteins was generally higher in the area closer to the tissue surface and gradually decreased toward the center (Figure 3) . The membranous phosphoproteins showed no staining in the center of tumor tissues, whereas a nuclear phosphoprotein (pp53) showed weaker staining in the same area. To confirm whether the staining pattern was phosphoprotein specific, sections of the SKOV-3 xenograft tumor were incubated with lambda phosphatase before addition of primary antibodies. We found that 10,000 or 50,000 U/ml of lambda phosphatase was sufficient to completely eliminate the positive staining in both STF-and formalinfixed tissue sections. These results indicate that protein dephosphorylation after tissue removal from the body occurs so rapidly that penetration of fixative into the tissues can only preserve portions of phosphoproteins that are close to the tissue surface. Thus, it is likely that fixatives that are capable of faster and deeper penetration into tissue would be very helpful in uniformly preserving phosphoproteins in tissues.
Effect of Fixatives and Storage Condition on Stability of Tissue Phosphoproteins
Choice of fixative and storage condition and time of precut unstained tissue section all play an important role in preservation of antigens in paraffin-embedded tumor tissues (Jacobs et al. 1996; Atkins et al. 2004; DiVito et al. 2004; Fergenbaum et al. 2004 ). We performed a time course study to determine whether different fixatives have any effect on the stability of tissue phosphoproteins at selected storage conditions and time of tissue section. Geo xenograft tumor tissues that were fixed in 10% formalin, 4% PFA, and STF were used for this study. IHC staining with anti-pMET antibody was carried out on freshly cut tissue sections and repeated on sections that had been stored at both room temperature and 4C in the dark for 30 and 90 days. STF-fixed tissues consistently showed stronger staining of pMET compared with 10% formalin-and 4% PFAfixed tissues. There was no difference in staining intensity of pMET at room temperature vs 4C, regardless of the fixative. Moreover, there were no deleterious effects for a storage period up to at least 90 days (Table 4 ). These results suggest that preservation of phosphoproteins in paraffin-embedded tissue sections was relatively stable for IHC when the samples were fixed quickly after removal.
Discussion
Preservation of phosphoproteins in tissues by conventional fixatives, such as 10% formalin, has proven to be challenging, especially for clinical postoperative tissue samples (Baker et al. 2005; Jones et al. 2008) . It has been shown that the rapid process of protein dephosphorylation occurs even when tissues are separated from their blood supply before removal from the body as part of a routine surgical procedure. It has also been reported that levels of detectable phosphoproteins in tissue biopsies were significantly higher than in surgical tissue samples (Baker et al. 2005) , presumably because the time to fixation was generally shorter for biopsies than for surgical tissue samples. In our study, we observed that overall staining intensity was strikingly higher in xenograft tumors than in the human postoperative surgical tumor tissues. After the mice were sacrificed, the xenograft tumor tissues were quickly removed and immediately placed in fixative. This pro-cess incorporates a lot of similarities to tissue biopsies collected in clinical practice. Therefore, our data are consistent with the previous observation that the time to fixation is one of the most critical factors in preserving phosphoproteins in tissues (Baker et al. 2005; Jones et al. 2008) .
In a typical clinical setting, however, it may not be practical to collect and fix the surgical tissue samples in a timely fashion. Therefore, alternative fixatives that can penetrate into tissues more quickly than 10% formalin were examined to address this critical issue. STF is a non-cross-linking fixative that has been suggested in a number of previous studies as a better choice for IHC detection of total proteins in tissues compared with 10% formalin and 4% PFA (Prento and Lyon 1997; Zhang et al. 1998 Zhang et al. ,1999a . In this study, we showed that STF-fixed tissues had significantly higher levels of phosphoprotein staining compared with 10% formalin and 4% PFA in both xenograft and clinical surgical tumor tissues. In our xenograft tissue analyses, we found that nearly all STF-fixed tumor tissues tested had overwhelmingly higher staining intensity of the antiphosphoprotein antibodies than 10% formalinand 4% PFA-fixed tissues. STF seemed to be able to quickly penetrate into the tumor tissue and effectively preserve the labile phosphoproteins before dephosphorylation. This fixative may potentially be an excellent alternative choice of fixative for clinical tissue sample (biopsy and surgical tissue samples) fixation because of its superiority of preserving phosphoproteins and total proteins (Zhang et al. 1998 (Zhang et al. ,1999a . In this study, it was frequently observed that the staining intensity of phosphoproteins near the tissue surface was generally higher than toward the center of the tissue, regardless of fixative, in both xenograft and human tumor tissues. The specificity of these heterogeneous staining patterns was confirmed by morphological characteristics of staining patterns of different antibodies, such as membranous staining for anti-pMet, pIGF-1R/IR, pEGFR, pHER2, pHER3, and pHER4 and nuclear and cytoplasmic staining for anti-pAkt, pMAPK, and pp53 antibodies. In addition, staining specificity was confirmed by phosphatase digestions of tissues before application of primary antiphosphoprotein antibodies (Figure 3 ). The heterogeneous staining pattern from perimeter to center once again indicates the instability of the phosphoproteins. It is likely that fixatives begin to work on penetration of the outermost tumor tissue area, and penetration of fixative into deeper areas of the tissue takes more time, whereas dephosphorylation is rapidly ongoing. This may be a possible reason for no or weaker staining of phosphoproteins in the center of the tissue. Therefore, a combination of a better fixative and quick time to fixation is critical for successful preservation of phosphoproteins in clinical tissue samples. The specificity of these uneven staining patterns of phosphoproteins was confirmed by incubating the unstained slides with phosphatase before the application of primary antibodies. Bar 5 50 mm.
